Falling water drops from a dripping faucet, illuminated from above, exhibit a row of bright strips of light, a few centimeters apart at a fixed distance below the faucet. Flash photographs of the drops show that they are oblate in shape when the flashes occur and the bright flashes of light originate from the edge of the drop that is on the opposite of the overhead light source. Here we show that that the spots result from the same internal reflection that gives rise to the rainbow in a cloud of spherical drops . The periodic flashes reflect the capillary oscillations of the liquid drop between alternating prolate and oblate shapes and the dramatic enhancement in the oblate phase result from a combination of several optical effects. Ray tracing analysis shows that the flashes occur when the rainbow angle, which is 42 deg in spherical drops, but sweeps over a wide range between 35 deg and 65 deg for typical ellipsoidal drops and the intensity of the caustic is strongly enhanced in the oblate phase.
Introduction
The study of the optical properties of water drops has a venerable history. Centered around the understanding of atmospheric phenomena such as the rainbow, the problem has attracted the interest of many pioneers in optics starting with Descartes who first showed that the rainbow resulted from the reflection of sunlight on the inside surface of a spherical water drop. [1] This reflected beam is particularly strong when the angle between the incident rays and the observer is 42 deg, the so-called rainbow angle, and the rays form a sharp bundle or caustic giving rise to a bright image. In contrast with this internal reflection, narrowly concentrated in angle, light reflected from the outside of the drop, with the drop acting like a spherical mirror, is spread uniformly over all angles which results in a weak reflection. If the drop diameter approaches the wavelength of light, diffraction effects become important and new phenomena come into play under the general rubric of Mie theory. [2, 3] Less studied are the optical properties of large drops where the shape of the drop is not confined by surface tension to be a sphere. Such drops have irregular shapes governed by a balance between surface tension and air resistance for falling drops or gravity for drops that are attached to solid objects by surface tension.
Water drops, such as the ones generated by a dripping faucet, are 4 to 5 mm in diameter, and are to a first approximation spherical, but they can be deformed by capillary oscillations if they are subjected to an external disturbance. These oscillations were investigated theoretically by Rayleigh [4] who showed that the n'th normal mode had a frequency given by ω (rad/sec) in
where σ is the surface tension, 71.75 mN/m for water at 20 deg C, ρ the density of water, 0.9982 g/ml at room temperature, and a the radius of the drop. In the lowest mode, the quadrupole mode, n = 2, the drop oscillates between prolate and oblate elliptical shapes with a frequency:
Capillary oscillations of water drops were first studied experimentally by Lenard [5] and their relevance to the optics of the rainbow have been summarized by Voltz. [6] The radius of a water drop from a dripping source is determined by a balance between gravity and surface tension just before it is released (Tate's law) resulting in drops that are weakly dependent on the size of nozzle, [7] independent of the flow rate. We measured a diameter of 4.7 ± 0.4 mm in our experiments. With this size, the calculated time for a full cycle of a quadrupole oscillation for water at room temperature is 30 ± 4 ms. This is in agreement with the early measurements of Lenard. If the flow rate is increased to the point where the water forms a stream, a different mechanism of drop formation takes place [7] and the distance from the nozzle to the drop formation point varies with the flow rate. Thus to study quadrupole oscillations, a slowly dripping source is preferred since not only is drop size constant, but the initial phase is well defined. The released drop is elongated and starts in the prolate phase.
The kinematics of a millimeter size falling drop are fairly straightforward. At small flow rates the drops are released with a small initial velocity of the order of 30 to 40 cm/s which depends on the flow rate and is related to momentum conservation between the flowing liquid in the pipe and the drop. When formed, the drop it is in free fall until it reaches terminal velocity, about 1000 cm/s for millimeter size drops in air [2] at which point the drop is several meters below the release point. The shape oscillations that are excited at the release point are underdamped, according to Chandrasekhar [8] in the size range of a few millimeters, with a damping constant in sec −1 :
here ν is the kinematic viscosity, ν = 0.01004 for water at 20 deg C. For drops with a = 2.1 mm we find for the lowest n = 2 mode, τ = 1.0 second, corresponding to a free fall distance of 500 cm. shape as expected, and that it oscillates with a period of 30 ms between this shape and the pancake-like oblate form becoming spherical between these extremes. The peak to peak amplitude of these quadrupole oscillations is small but can be measured on the photograph to be about 10 % of the drop diameter.
Experimental results
In panel a) the strobe light starts before the drop is released. According to previous studies [7, 9] If one moves the camera further from the source one finds that the bright phase gets shorter and shorter. When the angle α exceeds a critical value, roughly 60 degrees the bright streaks disappear completely and the water stream is black.
To further test the hypothesis that these are capillary oscillations we repeated our experiment with methyl alcohol. Methyl alcohol has a surface tension of only 22.6 mN/m. The main effect of this is a smaller drop; we measured a diameter 3.6 mm. It also has a lower density ρ = 0.792 × 10 3 Kg/m 3 at 20 deg C. These factors largely cancel the lower surface tension in Rayleigh's formula resulting in a calculated period of 31.6 ms, only slightly larger than for water drops. Indeed, our experiments show that although the alcohol drops are much smaller than water drops, the bright images of methyl alcohol drops occur in the same place within the accuracy of our photographs as those of water drops.
Discussion
What causes the bright flash of light in the oblate phase of the drop? The position of the light on the drop and its angular location relative to the flash suggests that the light originates from a single internal reflection, the same path that the primary rainbow image takes shown in Fig. 1b . This is the p = 2 term in the Debye series used to discuss diffraction phenomena in small drops. [10] To investigate in detail the effect of the non-spherical shape of the drop on the intensity of the reflected light we wrote a ray tracing program that uses geometrical optics to follow the path of 200,000 parallel rays incident on an ellipsoidal drop falling on random positions on the surface of the drop and with random polarizations. At each surface we calculated the reflected and transmitted electric fields for using Frensel's equations for s and p polarizations. We sorted the p = 2 outgoing rays into bins according to scattering angle α, i.e. the angle between the light source and the observer and the angle around the circle. Since the size parameter x = 2πa/λ in our drops is 4600, we feel justified to use geometrical optics limit of scattering to model the propagation of light inside the drop and our method is only valid in the limit of drop size that is much larger than the wavelength. [2, 11] Ray tracing also shows that the brightness of the image seen in oblate drops is enhanced by a geometric effect caused by the elliptic shape of the drop which leads to an angle of incidence greater than sin −1 (1/n) = 48.6 degrees for n = 1.33 for the reflection on the back surface of the drop. This is the condition for total internal reflection (TIR). Thus an oblate drop, illuminated from above, gives rise to a bright image from TIR light at the edge of the drop. A spherical drop does not give rise to TIR images. Prolate drops can also give rise to TIR and these can be seen for incident angles close to the horizontal symmetry plane of the drop. It is important to note that large water drops, drops that are larger than the wavelength of light, do not scatter much light. Viewed from any angle except right into the light source they will appear black. This can be seen clearly in fig. 2 . Geometrical optics of a sphere shows that the reflected image from the front surface has 6.6 % of the incident intensity while 88.4 % goes to the transmitted beam. The internally reflected beam, the one that forms the rainbow, has only 4.0 % intensity. These three rays account for 99.7 % of the incident intensity deflected by a spherical drop [2] . (4) where the author does interpret the bright traces due to capillary oscillations and estimates the drop size using Rayleigh's formula. But as Fig. 6 shows the location of the bright image varies from drop to drop which makes any quantitative study of the optics of sprays difficult. In a spray the oscillations are driven by turbulence and are a complex combination of rocking and zig-zag motions combined with the capillary oscillations [12] . In contrast, the dripping tap provides a system with well defined starting conditions for the oscillations.
Finally returning to the rainbow one has to note that it is generally assumed that falling raindrops that are large will be flattened due to air resistance and undergo capillary oscillations. [6] . However as the present study shows, such drops cannot give rise to a conventional rainbow. The p=2 caustic varies in angle from 30 to 60 degrees in the course of one cycle completely washing out any wavelength dependent dispersion that requires stability of the rainbow angle to better than one degree. We conclude that only very small, non-oscillating drops can give rise to colorful rainbows.
In summary, experiments show that large water drops scatter light strongly in the oblate phase of capillary oscillations. We suggest that this effect is also responsible for the strips of light seen in most sprays and ultimately for their white color when illuminated by a fairly concentrated overhead source. We also suggest that any realistic computer simulation of water sprays be in the form of bright strips of light in the direction of the flow of the spray. can be seen. Their oval shape suggests they arise from the internal reflection of light where two virtual images of the source merge at the "rainbow" angle of maximum deviation. These strips are a few centimeters apart consistent with the notion that they related to capillary oscillations of the mm size drops seen in a).
